It is pointed out that translational and (overall) rotational motions provide the important entropic driving force for enzymic and intramolecular rate accelerations and the chelate effect; internal rotations and unusually severe orientational requirements are generally of secondary importance. desolvation. Unequivocal evidence that theories giving rate accelerations on the order of 55 AM from entropic factors are wrong or incomplete is provided by several intramolecular reactions, such as ring closures of succinate derivatives, in which the presence of one or more free rotations ensures that a reacting group can move out of an unfavorable conformation so that the fraction of the starting material in a high-energy, strained or desolvated form will be negligible. The comparison between intra-and intermolecular reactions may be based on the free energy of either the transition state, from rate measurements, or the product, from equilibrium measurements, relative to the starting material; the latter comparison has the advantage that the structure of the product is known. Thus, the equilibrium constant for succinic anhydride formation (Eq. 1) is3 X 105
There are several reasons for believing that the specific binding process per se plays an important role in reducing the free energy of activation of reactions catalyzed by enzymes. We would like to know the nature and magnitude of the maximum increase in rate that maybe brought about bybringing together two properly oriented reactants in the active site of an enzyme without invoking strain or desolvation. The rate acceleration in a monomolecular enzymic or intramolecular reaction compared to a bimolecular reaction may be expressed as an "effective molarity" of one reacting group or molecule relative to the other. It has been assumed bya number of investigators, including one of us, that this effective molarity is on the order of M (up to 8 entropy units), corresponding to the probability of finding solute molecules next to each other, plus a relatively small additional factor reflecting orientational requirements of the transition state (1, 2) . A similar approach, with "effective concentrations" of 55-110 M, has been proposed to explain the chelate effect (3) . A recent renewal of interest in this subject has prompted the introduction of the terms "rotamer distribution" (4) , "orbital steering" (5) and "stereopopulation control" (6) to describe the contribution of approximation and, in particular, orientation to intramolecular rate accelerations. The purpose of this communication is to point out that large "effective concentrations" may be accounted for by well-known chemical principles, without the introduction of new chemical concepts or terms. Although these principles have frequently been discussed with reference to the problems considered here (3, 7, 8) , their application and quantitative significance for reactions in solution do not seem to be generally appreciated.
Large rate accelerations in intramolecular reactions of rigid, crowded molecules may be caused by steric strain or desolvation. Unequivocal evidence that theories giving rate accelerations on the order of 55 AM from entropic factors are wrong or incomplete is provided by several intramolecular reactions, such as ring closures of succinate derivatives, in which the presence of one or more free rotations ensures that a reacting group can move out of an unfavorable conformation so that the fraction of the starting material in a high-energy, strained or desolvated form will be negligible. The comparison between intra-and intermolecular reactions may be based on the free energy of either the transition state, from rate measurements, or the product, from equilibrium measurements, relative to the starting material; the latter comparison has the advantage that the structure of the product is known. Thus, the equilibrium constant for succinic anhydride formation (Eq. 1) is3 X 105
more favorable than that for acetic anhydride formation from the free acids, which implies an "effective concentration" of 3 X 105 M of the carboxylic acid groups of succinic acid relative to each other (2, 9) , and the "effective concentration" of the neighboring carboxylate group that determines the rate of anhydride formation from substituted monophenyl succinate anions (Eq. 2) is about 105 M (4, 10, 11 (17, 18) , but this requires the use of liquid-phase data obtained under unusual conditions of high pressure. We believe it is both simpler and more meaningful to carry out comparisons at constant pressure, for which AH for a 2 --1 reaction in the gas phase differs ideally only by RT from that at constant volume. Since this correction is small relative to other uncertainties, we have neglected it for present purposes.
state are almost identical to those for the overall equilibrium constant of this and other Diels-Alder reactions (18) , and the internal entropy-of the transition state of some 18 e.u., which could be accounted for by 5 low-frequency vibrations near 100 cm-I, is similar to that for the reaction product (22) . The limiting translational plus rotational entropy change of about 50 e.u. is equivalent to a factor of 1011 M, but this value corresponds to a smaller free energy change in the gas phase because of the (relatively small) correction for the translational and rotational enthalpy function at 2980K ( Table 1) . The total entropy change in solution may be estimated from the entropies of transfer of the reactants to the liquid phase. Although the standard entropy of vaporization of many liquids at 1 atm is close to 21 e.u. (14) , approximately half of this quantity is simply the entropy of dilution from a pure liquid to a standard state of 1 atm, 10.8 e.u. for a 10 M liquid. After correction to a common standard state of 1 M and to 250C, based on the empirical relationship between the boiling point of a liquid and its entropy of vaporization at any temperature (15) , the entropy of vaporization of cyclopentadiene is 9 e.u. and that of the higher-boiling endo-dicyclopentadiene is 15 e.u., so that the net change in the entropy of the reaction in the liquid compared to the gas phase is only 18 -15 = 3 e.u. (Eq. 3), similar to the experimental value of 5 e.u. (23) . This is in accord with the well-known experimental fact that equilibrium and activation entropies for Diels-Alder reactions of -30 to -40 e.u. are very similar in the gas and liquid phases (18, 23) . We were initially surprised by this similarity, in view of the widespread assumption that there is a .severe restriction to translational and rotational motion upon condensation to the liquid phase, but the reasons for it are apparent-once the entropy of dilution effect has been allowed for, much (or all) of the remaining expected difference of approximately 10 e.u. between the entropies of vaporization of the reactant and products will ordinarily be compensated by the larger entropy of vaporization of the product (or transition state) because of its higher boiling point. It is probable that for most solutes the loss of rotational entropy is small upon transfer to the liquid phase, and the observed entropy change may be regarded as primarily a loss of translational entropy (24) . This is in agreement with the fact that there is no significant difference between the entropies of solution of noble gases (which have no rotational entropy) and of hydrocarbons of comparable size (25) . § We conclude that losses of translational plus rotational entropy of 40-50 e.u. are to be expected for many bimolecular reactions in solution, in view of the small dependence of these quantities on molecular size ( Table 1) , and that this loss will be compensated to a variable extent by low-frequency motions in the product or transition state. Thus, the entropic barrier that must be overcome for a relatively simple reaction having residual freedom of internal motions corresponding to about 15 e.u., based on a standard state of 1 M, is some -35 e.u. (1) Observed equilibrium entropies of many readily reversible association reactions to form hydrogen-bonded or chargetransfer complexes are about -10 to -20 e.u. (27) , as expected from naive earlier estimates of the approximation and orientation effects. However, in a typical complex of this sort, (Eq. 5), three degrees of rotational and translational freedom, 0 + R F® . = "cage"
"tight" transweak bond sition state or product (5) corresponding to some 45 e.u., have been converted into a lowfrequency stretching vibration, an internal rotation, and four low-frequency bending modes which must contribute up to 30 e.u. of residual entropy to the loose complex. An unhindered internal rotation will contribute roughly 7 e.u.; low-frequency stretching, deformation, and torsional motions involving the hydrogen or charge-transfer bond, in the range of 50-300 cm-, (28) account for the remainder of the difference. Similarly, the low-frequency vibrations of metal-ligand bonds and other motions (29) make a significant contribution to the internal entropy of chelate complexes, and a comparable situation exists for the freezing of an organic compound into a crystal lattice-the entropy of fusion of only some -10 e.u. that is observed for many organic molecules (30, 31) may be regarded as a result of the replacement of translational and rotational degrees of freedom by low-frequency motions within the lattice (32). For example, it has been estimated that in crystalline hexamethylenetetramine the "translational" frequency of 73 cm-' and torsional frequency of 45 cm-' contribute 14.2 and 15.1 e.u., respectively, to the entropy at 2985K (32) .
(2) Differences in the solvation of polar and hydrophobic groups of reactants, transition states, and products are likely to make large and unpredictable contributions to observed Squilibrium and activation entropies, especially in aqueous solution. Thus, the equilibrium entropies for reaction 6 range from -5.4 to -28 e.u. for the addition of semicarbazide, hydrogen cyanide, amides, water, and hydrogen peroxide to XH + CO= X-C-OH /,~~~~~~~~~~~~~~~~~~~I (6) the carbonyl group (33, 34) . The reduction of ketones by morpholine-borane, with AS* = -40 e.u., provides a good example of a reaction with a large negative entropy that is almost solvent-independent and therefore is probably not seriously perturbed by salvation effects (35) . INTERNAL 
ROTATIONS
We believe that the contributions of internal rotations or high degrees of orientational restriction to entropies of activation and reaction or to rate accelerations in systems in which these rotations are initially frozen are generally small. It has previously been pointed out that very severe orientational requirements would require force constants in a transition state larger than those for a covalent bond (36) Table 2 ), so that we may take 4.5 e.u. as a representative value for the entropy that may be lost upon freezing an internal rotation, in the absence of compensating factors. This value, which is in good agreement with the calculated value (37) , is less than the maximum that would be expected for free rotation because of the entropy loss resulting from the barrier to free rotation in saturated hydrocarbons (38) . One important consequence of this barrier is that the loss of rotational entropy upon ring closure of a system containing a double bond is not significantly different from that of a saturated system which initially has one more internal rotation (Table 2 ). This is a consequence of the reduced barrier to rotation adjacent to the double bond and of changes in the symmetry axis in the acyclic compound (39) and brings into question the common assumption that ring-closure reactions of unsaturated systems are favorable entropically compared to those of saturated systems.
It should be noted that the entropy of an internal rotation is almost completely lost upon the imposition of a relatively small orientational restriction (e.g., an 80% loss upon conversion of a free internal rotation, corresponding to 7 e.u., to a vibrational frequency of 300 cm-'), and no significant further loss occurs with very high degrees of orientational restriction. Even the complete freezing of a free internal rotation with the loss of 7 e.u. corresponds to a factor of 34 which, based on 360°o f rotation in one plane, gives a maximum degree of "orbital steering" of only 11°that can be attributed to loss of entropy. Finally, the loss of entropy upon freezing an internal rotation is partially compensated by a favorable enthalpy function change of about 0.5 kcal/mol, so that the increases in free energy from the loss of each internal rotation in the forination of 4-, 5-, and 6-membered rings are 0.99, 0.90, and 0.76 kcal/mol, respectively, corresponding to a rate factor of about at 25"C. The relative importance of different entropic contributions is well illustrated by the dimerization of 2-propene to cyclohexane, for which the overall entropy loss of 50.1 e.u. (30) is composed of 48.7 e.u. from translational and overall rotational entropy (39) and only 1.4 e.u. from internal entropy, which includes the loss of two internal rotations (5.8 e.u.) and a compensating increase from internal vibrations (9.2 -4.8 = 4.4 e.u.) (40) .
This rate factor of 5 is considerably smaller than the factor of 230 which has been suggested for the freezing of each internal rotation and which led to the suggestion that favorable "rotamer distribution" is a factor of prime importance in intramolecular and enzymic rate accelerations (4, 36 (41) , are essentially the same or even smaller compared to those of the corresponding 6-membered systems (42).
These differences reflect the specific geometric and electronic requirements for the transition states of these different reactions, so that no generalization as to the magnitude of the contribution of "rotamer distribution" can be made from this kind of data. For example, the transition state for the phenyl glutarate reaction contains an Sp2 carbon atom in the acy] group, which is known to destabilize 6-membered rings (43) , and the transition state for the phenyl succinate reaction may gain some 3-4 e.u. from the low-frequency puckering motion characteristic of 5-membered rings (44) . The relatively slow rate of closure of 6-membered rings in certain SN2 displacement reactions (45) presumably reflects the unfavorable geometry brought about by a 900 bond angle, which is also largely responsible for the relative instability of most 6-membered compared to 5-membered chelate rings (46) . The largest total loss of entropy from internal rotations that is likely to be encountered is about 20 e.u. for the closure of an unsubstituted 6-membered ring, which Westheimer and Ingraham (8) have pointed out is enough to offset most of the contribution of translational entropy to the chelate effect (estimated from gas-phase values), but even this value should be reduced by the contribution of low-frequency motions involving the metal-ligand bond to the internal entropy of the chelate complex.
The observed "effective concentration" of about 105 M in succinate reactions may be corrected for the loss of three internal rotations upon ring closure to provide an estimate of the maximal rate acceleration that may be expected for an enzymic acyl-transfer reaction as a consequence of optimal binding of substrates, without strain or desolvation. Allowing 0.9 kcal/mol for the rotation around the methylene-methylene bond and 1.8 kcal/mol for each free rotation about the methylene-carboxyl residue bond (47) to give a rate factor of 103 and an additional factor of 10 for eclipsing of the methylene hydrogen atoms in the 5-membered succinate ring ¶ the total "effective molarity" is 109 M, which may be compared to the value of 108 M cited above. This supports the conclusion that the similar factor that has been directly observed for a rigid bicyclic analog of phenyl succinate may be accounted for without invoking strain or desolvation (4, 11) . It further suggests that the observed entropy of activation of many acyltransfer reactions involving uncharged reactants, which is often on the order of -30 to -50 e.u. and is usually attributed to orientation of solvent (49) , may be in large part a consequence of the loss of translational and rotational entropy in the relatively tight transition state that is made possible by the availability of orbitals from the unsaturated carbonyl group in such reactions.
In conclusion, we suggest that the contributions of translational and (overall) rotational entropy to reaction rates and equilibria in solution are larger than has generally been believed and support the view that enzymes can carry out a large fraction of their extraordinary rate accelerations by virtue of their ability to utilize substrate-binding forces to act as an "entropy trap" (50) . It follows from this conclusion that low-energy conformational changes that are possible within the enzyme-substrate complex are disadvantageous with respect to the contribution of this entropy effect to the catalytic process, as they are also for the utilization of strain
